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Super-resolution fluorescence imaging can provide insights into cellular structure and organization with
a spatial resolution approaching virtually electron microscopy. Among all the different super-resolution
methods single-molecule-based localizationmicroscopy could play an exceptional role in the future because
it can provide quantitative information, for example, the absolute number of biomolecules interacting in
space and time. Here, small organic fluorophores are a decisive factor because they exhibit high fluores-
cence quantum yields and photostabilities, thus enabling their localization with nanometer precision.
Besides past progress, problems with high-density and specific labeling, especially in living cells, and the
lack of suited standards and long-term continuous imaging methods with minimal photodamage render
the exploitation of the full potential of the method currently challenging.Single-Molecule-Based Localization Microscopies with
Organic Fluorophores
Since the first synthesis of fluorescein by Baeyer in 1871 (Baeyer,
1871) organic fluorophores have been successfully used in
different disciplines and continuously advanced highly sensi-
tive fluorescence microscopy and spectroscopy techniques.
Organic fluorophores are small, chemically modifiable, and can
be used for stoichiometric labeling of almost any protein even
in living cells (Ferna´ndez-Sua´rez and Ting, 2008; Giepmans
et al., 2006; Miller and Cornish, 2005). Although the optical reso-
lution is limited (Abbe, 1873), fluorescence microscopy is the
method of choice to study cellular architecture and dynamics
in a comparatively noninvasive way.
Increasing detection sensitivity enabled single-molecule
fluorescence spectroscopy and imaging experiments, which re-
vealed spectroscopic phenomena that had previously been
hidden in ensemble experiments because of averaging. One of
the most surprising results of early single-molecule spectros-
copy experiments was fluorescence intermittency or blinking
(Moerner and Orrit, 1999; Tinnefeld and Sauer, 2005), that is,
the random interruption of fluorescence emission of a single flu-
orophore as a direct consequence of the observation of a single
quantum system with discrete fluorescent and nonfluorescent
states. Simultaneously, it became clear that the position of single
fluorophores can be determined by fitting the emission pattern
with suitable model functions at which the localization precision
depends mainly on the number of collected photons N and on
the standard deviation of the PSF (s), and can be roughly
approximated by s/N1/2 for negligible background (Mortensen
et al., 2010; Thompson et al., 2002). Because of the high bright-
ness and photostability, typically thousands of photons can be
detected from an individual organic fluorophore before it photo-
bleaches, thus allowing its localization with nanometer accuracy
(Yildiz and Selvin, 2005). Through this, it became possible to
perform ultra-high-resolution colocalization studies of two fluo-
rophores exhibiting distinctive spectroscopic characteristics,8 Chemistry & Biology 20, January 24, 2013 ª2013 Elsevier Ltd All rigfor example, fluorescence spectra or lifetime (Churchman
et al., 2005; Heilemann et al., 2002; Lacoste et al., 2000; Pertsi-
nidis et al., 2010).
Single-molecule-based localization microscopy methods,
such as photoactivated localization microscopy (PALM) (Betzig
et al., 2006; Shroff et al., 2008), fluorescence photoactivation
localization microscopy (FPALM) (Hess et al., 2006), stochastic
optical reconstruction microscopy (STORM) (Bates et al.,
2007; Rust et al., 2006), and direct STORM (dSTORM) (Heile-
mann et al., 2008; van de Linde et al., 2011b), use wide-field
microscopes equipped with laser light sources for irradiation
and sensitive detectors, for example, charge-coupled device
cameras for fluorescence detection. Fundamentally, these
methods live on the temporal separation of fluorescence emis-
sion of single fluorophores, for which reason the utilization of
photoswitches is a prerequisite. Whereas in PALM and FPALM
experiments the fluorophores are photoconverted from an
initially dark or blue-shifted state, in STORM and dSTORM all
bright fluorophores must be transferred to a reversible OFF state
at the beginning of the experiment. The primary information
readout lies in stochastic activation and detection of individual
fluorophores, for example, upon irradiation with light of appro-
priate wavelength and intensity. If the probability of activation
is sufficiently low, the majority of activated fluorophores residing
in their fluorescent ON state are spaced further apart than the
diffraction limit and their positions can be precisely localized.
This cycle of photoactivation and readout is repeated to record
thousands of images in time. A super-resolution image is finally
reconstructed from all single-molecule localizations (typically
several ten thousands to millions of localizations) (Figure 1).
Although PALM and FPALM use photoactivatable or photocon-
vertible fluorescent proteins, STORM and dSTORM as originally
introduced, exploit reversible photoswitching of carbocyanine
dyes, such as Cy5 and Alexa Fluor 647 (hereafter denoted as
Alexa647), between an ON and OFF state with (Rust et al.,
2006) or without (Heilemann et al., 2008) a second activatorhts reserved
Figure 1. Principle of Localization Microscopy Using
Photoswitchable Organic Fluorophores
A structure of interest (black dots) is labeled with photoswitchable fluo-
rophores. The point-spread-functions (red) of the fluorophores overlap and
generate a conventional fluorescence image of the structure. The majority of
fluorophores is then transferred to a reversible OFF state, and only a sparse
subset of fluorophores, optionally activated by light of the appropriate wave-
length, is switched on stochastically and thus spatially separated in time.
Ideally, every fluorophore is switched on and localized individually at least
once. Finally, a super-resolution image is reconstructed from all single-mole-
cule localizations.
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thiols.
An alternative, elegant method of single-molecule-based
localization microcopy is points accumulation for imaging in
nanoscale topography (PAINT) (Sharonov and Hochstrasser,
2006) or universal PAINT (uPAINT) (Giannone et al., 2010).
Here, transient binding events of single fluorescent probes to
a structure are detected, localized, and finally used for recon-
struction of a super-resolved reactivity map. Furthermore, single
catalytic conversions of fluorogenic probes at active sites of
a catalyst (termed NASCA, i.e., nanometer accuracy by
stochastic catalytic reactions microscopy) have been exploited
successfully to reconstruct diffraction unlimited reactivity maps
of catalytic particles (Roeffaers et al., 2009).
Before stochastic single-molecule localization methods
evolved, far-field super-resolution imagingwas already achieved
in a deterministic way, that is, by illuminating a sample with
a defined light pattern, such as in stimulated emission depletion
(STED) (Klar et al., 2000) or in structured illumination microscopy
(SIM) (Gustafsson, 2000). Both methods were successfully used
for live-cell subdiffraction resolution imaging with impressive
temporal resolution (Kner et al., 2009; Na¨gerl et al., 2008). To
get an overview of all the different methods and aspects of
super-resolution fluorescence imaging, we would like to refer
the reader to some recent excellent reviews and general guides
(Diaspro, 2010; Flors, 2011; Galbraith and Galbraith, 2011; Hei-
lemann et al., 2009a; Hell, 2009; Henriques et al., 2011; Huang
et al., 2010; Ji et al., 2008; Patterson et al., 2010; Schermelleh
et al., 2010; Toomre and Bewersdorf, 2010; van de Linde et al.,
2012; Vogelsang et al., 2010). Here, we limit our report andChemistry & Biodiscussion to organic fluorophores, their photoswitching mech-
anism, and advantageous use in localization microscopy in fixed
and living cells and the potential use of localization microscopy
for quantification of biomolecules, including the necessity of effi-
cient reference structures. We conclude with an outlook on
future developments, such as improved labelingmethods, which
are required to fully exploit the potential of single-molecule-
based localization microscopy methods.
Photoswitching of Organic Fluorophores
One of the central cornerstones of single-molecule-based local-
ization microscopy is the transfer of the majority of organic fluo-
rophores—residing initially in their fluorescent ON state—to the
OFF state, meanwhile guaranteeing that every fluorophore is
separately localized at a particular time during data acquisition.
As a rule of thumb, localization microscopy requires that the
OFF state has to be substantially longer than the average ON
state lifetime of the fluorophores (Heilemann et al., 2009b; Vogel-
sang et al., 2010). The more complex the structure, the more flu-
orophores are needed to accurately resolve the structure, that is,
the more fluorophores have to reside simultaneously in the OFF
state, implicating that the ratio of ON/OFF lifetimes has to be
adapted accordingly. Hence, complex structures require easily
OFF state lifetimes in the range of hundreds of milliseconds to
several seconds.
Because semiconductor nanocrystals (so-called quantum
dots) show excitation intensity-dependent blinking, they have
been used in first localization microscopy experiments (Lidke
et al., 2005). However, although the blinking process of quantum
dots can be assumed to be statistically independent, their blink-
ing characteristics occur on fast timescales, that is, their ON/
OFF ratio renders super-resolution imaging based on single-
molecule localizations complicated. Similarly, the triplet state
of organic fluorophores with lifetimes of a few microseconds
(Drexhage, 1973; Sauer et al., 2011) under physiological condi-
tions cannot be used as OFF state for super-resolution imaging.
To prevent quenching of the triplet state by molecular oxygen
and increase the lifetime of the OFF state, organic fluorophores
can be embedded in polyvinyl alcohol (PVA), which is known to
exhibit a low oxygen permeability (Zondervan et al., 2003). Under
these conditions, 94% of all Cy5 molecules of a sample could be
transferred to an OFF state at a time enabling super-resolution
imaging of the microtubule network in fixed cells (Bock et al.,
2007). This concept has later been successfully transferred to
other organic fluorophores and termed ground state depletion
microscopy followed by individual molecule return (GSDIM) (Fo¨l-
ling et al., 2008).
A significant breakthrough in photoswitching of organic fluoro-
phores was achieved in 2005 when two groups reported inde-
pendently that carbocyanine fluorophores, such as Cy5 and
Alexa647, can be switched between a bright ON and a long-
lasting nonfluorescent OFF state upon irradiation with different
wavelengths in the absence (Heilemann et al., 2005) (Figure 2)
or presence of a second activator fluorophore (Bates et al.,
2005). In these first photoswitching reports of organic fluoro-
phores, the addition of millimolar concentrations of b-mercap-
toethylamine (MEA) and oxygen removal using an enzymatic
oxygen scavenging system was described as mandatory to
achieve reversible photoswitching. The demonstration thatlogy 20, January 24, 2013 ª2013 Elsevier Ltd All rights reserved 9
Figure 3. Dual-Color dSTORM in Fixed Cells
Fixed COS-7 cells were labeled with primary mouse antibodies against
b-tubulin and Alexa532-labeled goat anti-mouse secondary antibodies
(green). Actin was labeled using Alexa647 phalloidin (magenta). Sequential
dSTORM imaging was performed in 100 mM MEA (pH 8.3). Direct photo-
switching of Alexa647 and Alexa532 was performed by irradiating the
fluorophores with 5 kW cm2 at 641 nm and 532 nm, respectively. No
additional activation at a shorter wavelengthwas used. Channel alignment was
performed with 100 nm multifluorescent beads (TetraSpeck, Invitrogen,
Carlsbad, CA, USA). The upper left corner shows a part of the conventional
wide-field fluorescence image. Scale bar: 5 mm.
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Figure 2. Photoswitching of Cyanine Dyes
(A) Basic chemical structure of carbocyanine dyes, such as Cy5 and Alexa647,
which were the first conventional organic dyes used for photoswitching.
Cy5-COOH: R1 = CH3, R2 = C2H5, R3 = (CH2)5COOH; Alexa647-COOH: R1 =
(CH2)5COOH, R2,3 = (CH2)4SO3
 (Terpetschnig et al., 2004).
(B) Fluorescence time traces of a single antibody labeled with Alexa647 under
photoswitching conditions, that is, oxygen-depleted solution, 100 mM MEA
(pH 7.4). Top: direct photoswitching of Alexa647 only with the readout wave-
length at 641 nm. Bottom: direct photoswitching of Alexa647 with irradiation at
641 nm and with additional activation at 405 nm.
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state more than 100 times with a reproducibility of over 90%
at room temperature, ultimately formed the basis for the
successful introduction of localization microscopy methods,
such as STORM and dSTORM.
As shown later (Heilemann et al., 2009b; Vogelsang et al.,
2009) photoswitching under reducing conditions can be trans-
ferred to many other commercial standard fluorophores
(Figure 3). The direct photoswitching behavior of organic fluoro-
phores in the presence of millimolar concentrations of thiols in
aqueous solution is caused by the redox properties of the fluoro-
phores. That is, they share similar redox potentials and can
therefore be reduced by thiols upon excitation entering a stable
reduced OFF state with a lifetime easily exceeding several
seconds. Importantly, the first excited singlet state of the fluoro-
phores is not reduced (quenched) by thiols. It is the deproto-
nated form of thiols (i.e., thiolates) that can selectively reduce
the triplet state of organic fluorophores forming a radical anion
with absorption maxima at 400–500 nm and possibly the fully
reduced leuco form of the fluorophore (van de Linde et al.,
2011a).
This underlying photoswitching process can be described by
the following mechanism (Figure 4): upon excitation, the fluoro-
phore cycles between the singlet ground-state and the first
excited singlet state and emits fluorescence photons dependent
on its fluorescence quantum yield. Once intersystem crossing
occurs, the resulting triplet state can be either quenched by
molecular oxygen producing singlet oxygen and repopulating
the singlet ground state or by the thiolate generating the thiyl
radical and corresponding fluorophore radical anion. The effi-
ciency of the reactions is controlled by the redox properties of
the fluorophore, the thiol and oxygen concentration, and the10 Chemistry & Biology 20, January 24, 2013 ª2013 Elsevier Ltd All rpH value of the solvent. Here, it is beneficial if the fluorophore
is cycled several times between singlet ground, excited singlet,
and triplet state in order to enable the detection of as many
photons as possible before the triplet state is reduced by the
thiolate and a very stable OFF state with lifetime of seconds to
minutes is generated. Some fluorophores with pronounced
electron affinity, such as methylene blue, or some oxazine
dyes, such as ATTO 655 or ATTO 680, have the tendency to
accept a second electron and form the colorless fully reduced
leuco dye (Kottke et al., 2010; van de Linde et al., 2011a). The
photoswitching cycle is finally completed and the singlet ground
state recovered upon oxidation of the reduced fluorophore with
molecular oxygen. Thus, molecular oxygen plays two important
roles through (1) quenching the triplet state, enabling the detec-
tion of enough photons for precise localization, and (2) oxidizing
the radical anion or leuco dye and recovering the fluorescent ON
state. In addition, recovery of the ON state is also promoted by
direct excitation of the radical anion at, for example, 405 nm
(van de Linde et al., 2011a, 2011b). Furthermore, it has to be
considered that several efficient oxygen consuming steps are
involved in the reaction mechanism for radical anion formation
and decomposition.
These very sensitive dependencies of the photoswitching
rates on pH and oxygen and thiol concentration might also
explain discrepancies reported in super-resolution imaging
experiments using the same fluorophore attached to differentights reserved
Figure 4. Photoswitching of Organic Fluorophores under Reducing
Conditions
Upon irradiation, the fluorophore is cycled between the singlet ground 1F0 and
first excited state 1F1. (A, absorption; F, fluorescence emission). Through
intersystem crossing (ISC) the triplet state (3F1) is populated, which can be
quenched by either molecular oxygen (Q) or appropiate reducing agents (red),
such as thiols, and a reduced fluorophore radical (R) is generated. Some
fluorophores can accept a second electron to create the fully reduced leuco
form (L). Both can be oxidized again to the singlet ground state of the
fluorophore (ox). Upper right corner: if a fluorophore radical is formed, an
additional blue-shifted absorption band appears around 400 nm for most
rhodamine derivatives (Abs., absorbance; l, wavelength).
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tions. Unfortunately, the described mechanism cannot explain
all possible reaction pathways, for example, the possibility of
the formation of a carbocyanine thiol-adduct (Dempsey et al.,
2009). However, if a thiol-adduct or leuco dye is formed the
chromophoric system of the fluorophore is interrupted and
absorption at 400–500 nm disappears completely. Fluoro-
phore radical anions, on the other hand, show strong and broad
absorption bands at these wavelengths, justifying light-induced
switchability in both directions. Moreover, one has to consider
that mechanistic photophysical studies at the ensemble level
are performed under lower irradiation intensities, whereas
localization microscopy experiments are typically performed
with high excitation intensities of several kW cm2, which might
influence the dark state formation mechanism at the single-
molecule level.
Because the OFF state exhibits a broad absorption band,
recovery of the ON state succeeds also upon direct excitation
of the fluorophore, for example, Cy5 at 640 nm albeit with low
efficiency (Figure 2). Hence, one should always keep in mind
that the use of high readout irradiation intensities likewise
promotes recovery of the ON state. Furthermore, the emission
of one fluorophore can also have a low probability to recover
adjacent fluorophores residing in the OFF state, especially in
densely labeled samples. Early STORM experiments always
used a shorter wavelength absorbing fluorophore as activator
tagged in close proximity (2 nm) to the photoswitchable
reporter fluorophore Cy5 or Alexa647 (Bates et al., 2007; Rust
et al., 2006). Upon direct excitation of the activator fluorophore
excited-state energy can potentially be transferred radiationless
to the OFF state of the reporter fluorophore located in close
proximity whereby the ON state is recovered. Direct photo-
switching without the use of an activator dye, such as in
dSTORM, necessitates slightly higher but still very low irradiation
intensity at 400–500 nm of typically a few hundred mW to
recover the fluorescent ON state (Heilemann et al., 2008). Both
approaches have their advantage; dSTORM eases label proce-Chemistry & Bioldures (Heilemann et al., 2008; van de Linde et al., 2011b),
whereas STORM with different activator-reporter dye pairs can
be used for chromatic aberration-free multicolor super-resolu-
tion imaging as long as unspecific reactivation events of the
reporter dye are excluded (Dani et al., 2010).
In summary the photoswitching mechanism can be very likely
described by excitation of fluorophores and population of their
triplet states, followed by reduction, for example, with thiols to
generate a stable radical anion and subsequent (photo-induced)
oxidation to recover the ground state, for example, with molec-
ular oxygen. Hence, from the mechanistic point of view, the
underlying photoswitching mechanism can be well generalized
under the acronym RESOLFT, which stands for reversible satu-
rable optical fluorescence transitions (Hell, 2007; Hofmann et al.,
2005). From the chemical point of view, photoswitching of
organic fluorophores as used in localization microscopy is best
described by the reducing and oxidizing system (ROXS), origi-
nally introduced to minimize blinking and photobleaching of
organic fluorophores in single-molecule fluorescence micros-
copy experiments (Vogelsang et al., 2008). Using ROXS, the
time the fluorophore spends in the triplet state is first shortened,
and a reduced radical is formed, which is subsequently oxidized
to efficiently recover the singlet ground state. Thus, the fluoro-
phore is predominantly cycled between singlet ground and first
excited singlet-state, and by collecting as many photons as
possible, stable fluorescence emission is obtained. This can be
achieved by the addition of a reducing agent, such as ascorbic
acid, and an oxidizing agent, such as methylviologen, in an
oxygen-depleted solution. However, through the fine adjustment
of the concentration of oxidizing and reducing agents, prolonged
OFF state lifetimes can be created, which are suitable for
localization microscopy (introduced as ‘‘blink microscopy’’) (Ha
and Tinnefeld, 2012; Steinhauer et al., 2008; Vogelsang et al.,
2009). Accordingly, the term ‘‘active-control’’ of the photo-
switching behavior of fluorophores represents an unifying
description of the different localization microscopy methods
(Thompson et al., 2012).
Live-Cell Localization Microscopy with Organic
Fluorophores
The photoswitchability of many organic fluorophores in living
cells is caused by the cellular redox environment, particularly
due to the presence of the most abundant redox couple, the
glutathione disulfide (GSSG)-glutathione (GSH) couple. On
average, the GSH concentration in the cytosol is 1–11 mM,
which is far higher than that of most other redox-active
compounds (Schafer and Buettner, 2001; Smith et al., 1996).
That is, living cells naturally contain a redox cocktail for photo-
switching of organic fluorophores (van de Linde et al., 2012;
Wombacher et al., 2010). In addition, the redox potential not
only varies between different cell lines but also differs within
structures in a cell with the mitochondria containing the most
reductive GSH/GSSG pool (Jones, 2010).
Because fluorescent proteins (FPs) can be genetically fused to
target proteins and thus provide straightforward access to
specific and stoichiometric labeling, photoactivatable FPs were
the first choice of fluorophores for live-cell localization micros-
copy (Biteen et al., 2008; Hess et al., 2007; Manley et al., 2008;
Shroff et al., 2008). On the other hand, FPs have in general a lowerogy 20, January 24, 2013 ª2013 Elsevier Ltd All rights reserved 11
Figure 5. Live-Cell Dual-Color dSTORMUsing SNAP- andCLIP-Tags
U2OS cells were transiently transfected with pSNAPf-ADRb2 (b-2 adrenergic
receptor, magenta) and pCLIPf-H2B (core histone protein, green) and stained
with SNAP-Surface Alexa Fluor 647 and CLIP-Cell TMR-Star. To allow
switching of Alexa647 outside of the membrane, the medium was exchanged
to 100 mM reduced glutathione, 5% glucose, 4 units/ml glucose oxidase, and
80 units/ml catalase (pH 7.9). Excitation intensities of 1 kW cm2 at 641 nm
and 532 nm were used for sequential imaging of Alexa647 and TMR,
respectively. The upper right part shows the conventional wide-field fluores-
cence image. Alignment of the two channels was performed with 100 nm
multifluorescent beads. Scale bar: 5 mm. Reproduced from Klein et al. (2012)
with permission, ª Wiley-VCH Verlag GmbH & Co. KGaA, 2012.
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fluorophores for which reason so far only a few suitable photoac-
tivatable FPs, such as PAGFP, PAmCherry, PAtagRFP, and
EosFP, have been used successfully for (multicolor) live-cell
localization microscopy (Cella Zanacchi et al., 2011; Hess
et al., 2007; Shroff et al., 2007; Subach et al., 2009, 2010).
Organic fluorophores exhibit important photophysical advan-
tages over FPs for molecular localization microscopy, such as
they emit orders of magnitude more photons because they
survive under moderate excitation conditions for prolonged
time periods, exhibit tunable photoswitching rates, and can be
imaged repeatedly. Unfortunately, specific and stoichiometric
labeling of proteins in living cells with organic fluorophores is
more demanding.
Even though genetic tags enable the fusion of a genetically en-
coded polypeptide to a protein of interest that can subsequently
be labeled with organic fluorophore ligands (Ferna´ndez-Sua´rez
and Ting, 2008; Keppler et al., 2003; Miller and Cornish, 2005),
specific binding of fluorophore-labeled ligands to fusion proteins
in living cells remains challenging and requires careful optimiza-
tion and control experiments. However, the convenient combi-
nation of genetic tag, organic fluorophore, and target protein
enables live-cell localization microscopy. First demonstrations
of live-cell experiments include super-resolution imaging and
tracking of H2B histone proteins with trimethoprim tags (TMP-
ATTO 655) (Wombacher et al., 2010) and SNAP-tags (SNAP-
Cell TMR-Star and SNAP-Cell 505) in various cell lines (Klein
et al., 2011), transferrin with the fluorophore pair Alexa405-
Alexa647, and clathrin light chain with SNAP-tag (Alexa647)
(Jones et al., 2011). Because Alexa647 exhibits no cell perme-
ability, the SNAP substrate BG-Alexa647 has been delivered
by electroporation. Imaging has been performed by adding
b-mercaptoethanol to support photoswitching and an oxygen
scavenger system to reduce photobleaching of the carbocya-
nine dye (Jones et al., 2011). The irradiation intensities at the
sample used in these first successful realizations of live-
cell localization microscopy varied between 2 kW cm2 (Klein
et al., 2011) and 15 kW cm2 (Jones et al., 2011). For multicolor
live-cell super-resolution imaging and tracking experiments
different combinations of genetically encoded tags (SNAP-,
Halo-, CLIP-tags) (Figure 5) and organic fluorophores (Alexa488,
Dy-488, Oregon Green, TMR, Dy-547, Alexa647, Dy-647) have
been successfully used also in combination with photoactivat-
able FPs (Appelhans et al., 2012; Benke et al., 2012; Klein
et al., 2012; Wilmes et al., 2012).
Here, it has to be pointed out that inefficient or nonspecific
labeling often observed in super-resolution imaging experiments
with organic fluorophores and genetic tags are mainly caused by
the structure of the organic fluorophores. Dependent on their
charge and water solubility, they exhibit different cell perme-
ability and tend to agglomerate or stick nonspecifically to cellular
organelles. For example, negatively charged organic fluoro-
phores, such as fluorescein, Alexa488, Cy5, or Alexa647, exhibit
satisfactory water solubility but almost no cell permeability,
hence restricting their use to cell membrane labeling. Or alterna-
tively, for inside cell labeling electroporation techniques have to
be applied (Jones et al., 2011). On the other hand, the sticking of
positively charged rhodamine derivatives can be used advanta-
geously as ‘‘MitoTracker’’ and ‘‘LysoTracker’’ for nonspecific12 Chemistry & Biology 20, January 24, 2013 ª2013 Elsevier Ltd All rlabeling of mitochondria and lysosomes, respectively, in living
cells. Therefore, dynamic super-resolution imaging of organelles
in living cells is possible with many standard membrane probes
(Shim et al., 2012).
Resolving fast cellular dynamics with high spatial resolution
can only succeed if the number of truly localized fluorophores
per time is high enough (Shroff et al., 2008). According to infor-
mation theory, the required density of fluorescent probes must
be high enough to satisfy the Nyquist-Shannon sampling
theorem (Patterson et al., 2010; Shannon, 1949; Shroff et al.,
2008). A single-molecule data stack (e.g., 10,000 frames
acquired in 100 s) is usually divided in time interval subgroups.
Thus, the size defines the temporal resolution at which a cellular
process can be observed (e.g., 1,000 frames corresponding to
10 s temporal resolution). Reducing this time interval will
increase the temporal resolution, but to obtain the same spatial
resolution an equal amount of molecules must be localized.
This can be achieved through accelerating the fluorophores
ON/OFF cycle by applying higher laser intensities for readout
and activation at the risk of photodamage (Shroff et al., 2008).
Alternatively, the fluorophore density can be increased. Impor-
tantly, the performance of most single-molecule localization
algorithms depends heavily on the emitter density with a
throughput well below one molecule per mm2 per frame (Wolter
et al., 2011). Increasing the emitter density therefore results inights reserved
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errors are included as artifacts in the final super-resolution image
and can lead to unresolved features and misinterpretation.
Current promising approaches try to analyze overlapping
PSFs, such as DAOSTORM (Holden et al., 2011) and com-
pressed sensing (Zhu et al., 2012), thus increasing the total toler-
able fluorophore density up to 10 molecules per mm2.
Quantification and Reference Structures for
Super-Resolution Imaging
What distinguishes localization microscopy from other imaging
techniques is the fact that it builds up super-resolved images
literally molecule-by-molecule. At first glance, one might intui-
tively suppose that localization microscopy allows counting the
number of molecules in time and space and thus might revolu-
tionize the field of molecular biology by quantitative under-
standing of cellular processes. Consequently, the fidelity of
localization microscopy must be examined, which has only quite
recently moved into the center of attention (Annibale et al., 2011;
Bar-On et al., 2012; Gunzenha¨user et al., 2012; Itano et al., 2012;
Lando et al., 2012; Owen et al., 2012; Sengupta et al., 2011;
Veatch et al., 2012). Therefore, essential questions should be ad-
dressed concerning the label efficiency, the number of localiza-
tions per fluorophore, and the fraction of missing fluorophores.
A key factor of localization microscopy is to ensure that each
fluorophore is detected individually above a certain threshold
and thus precisely localized. Unfortunately, it is difficult to quan-
tify the percentage of fluorophores we miss using a certain
photon threshold due to, for example, fast photobleaching of
the fluorophore. However, if the photon threshold is lowered
excessively, the number of falsely identified localizations
increases. These considerations argue for the use of organic flu-
orophores, which typically are brighter and more photostable
than FPs. On the other hand, organic fluorophores complicate
quantification because they are localized multiple times,
whereas photoactivatable FPs are expected to be irreversibly
bleached after photoactivation. But, even FPs can transiently
switch off after activation and then later switch on again,
a phenomenon that can lead to recounting of the same fluoro-
phore (Annibale et al., 2010; McKinney et al., 2009). Because it
is known that fluorophores change their switching performance
dependent on environmental conditions (Endesfelder et al.,
2011), ON/OFF switching control experiments with the aim to
count the average number of localizations per fluorescent probe
have to be performed in the same nanoenvironment, that is, in
the same cellular compartment, but with very low numbers of
active fluorophores to ensure the localization of individual fluoro-
phores. Another factor that can confound quantification is that
a single molecule is detected typically over more than one
frame.
A possible strategy to account for these factors is to take
advantage of the time dependence of photoswitching. This can
be done by analyzing and adjusting the number of frames in
which no fluorescent molecule appears within an area before
events are counted as separate molecules (Annibale et al.,
2011). Using techniques such as pair correlation, the blinking
can also be directly factored into the analysis method (Sengupta
et al., 2011; Veatch et al., 2012). Very recently, a procedure
for counting of the centromere-specific histone H3 variantChemistry & BiolCENP-ACnp1 by PALM in fission yeast has been developed.
The study grouped multiple localizations and accounted for
ON/OFF blinking demonstrating that each mEos2-tagged
protein is localized on average twice under the applied experi-
mental conditions (Lando et al., 2012).
Moreover, quantitative labeling of proteins has to be consid-
ered. Using classical immunocytochemistry with fluorophore-
labeled antibodies for quantification of endogenous wild-type
proteins is hampered by the fact that we usually do not know
the binding constant of primary antibodies and the accessibility
of proteins in their native environment. Furthermore, commer-
cially available fluorophore-labeled antibodies generally exhibit
a degree of labeling >1, and the number of secondary antibodies
binding per primary antibody is unknown. Nevertheless, most
unknown parameters, including the average number of localiza-
tions measured per fluorophore-labeled antibody, are acces-
sible by elaborated control experiments.
FPs clearly have the edge over organic fluorophores because
they can be genetically fused to the protein of interest. How-
ever, endogenous protein tagging has to demonstrate wild-
type viability of cells, and uncertainties remain concerning the
problem of maturation. Previous studies indicate that a certain
fraction of FPs (20%) remains dark or nonfluorescent because
of missfolding (Garcia-Parajo et al., 2001; Ulbrich and Isacoff,
2007).
Although achieving super-resolution is now routine, quantita-
tive data interpretation requires refined strategies and robust
test samples to harness the full potential of localization micros-
copy. Test samples should allow us to measure the labeling
efficiency and the percentage of detected molecules ideally in
the same cellular environment and under identical experimental
conditions. The development of test samples is of invaluable
importance for calibration of super-resolution imaging micro-
scopes and optimization of buffer conditions used to induce
photoswitching of organic fluorophores. Suited test samples
comprise DNA origami carrying fluorophores at well-defined
positions (Steinhauer et al., 2009) as well as the single-
molecule assembled patterns generated by cut-and-paste
technology (SMCP) (Kufer et al., 2008, 2009). Recently, it has
been shown that SMCP is well suited to generate artificial refer-
ence patterns with a defined number of emitters per diffraction
limited region, for example, line patterns, which can be used
to test the switching performance of organic dyes (Cordes
et al., 2010).
Very recently, the nuclear pore complex (NPC) with its subdif-
fraction dimensions and 8-fold symmetry has been introduced
as valuable biological test sample (Lo¨schberger et al., 2012)
(Figure 6). Using dSTORM the 8-fold radial distribution of the
integral membrane protein gp210 was resolved with an average
diameter of 164 nm aswell as the central channel with a diameter
of 41 nm. This demonstrates that localization microscopy can
achieve results that are comparable with those obtained by
electron microscopy, although being less invasive. The combi-
nation of efficient antibodies and photoswitching of organic
fluorophores proved to be highly reliable by confirming the
8-fold radial symmetry for the majority of all NPCs detected.
Moreover, two-color super-resolution imaging experiments
emphasize the highly symmetric NPCs as ideal model structures
to control the quality of chromatic aberration corrections.ogy 20, January 24, 2013 ª2013 Elsevier Ltd All rights reserved 13
Figure 6. The Nuclear Pore Complex as
Biological Reference Structure for
Super-Resolution Microscopy
(A) The NPC anchoring proteins gp210 in Xenopus
laevis A6 cells were labeled with the primary anti-
body Asc222a2 and Alexa647 goat anti-mouse
F(ab’)2-fragments. Imaging was performed in
oxygen-depleted solution containing 100 mM
MEA (pH 7.8). A conventional fluorescence image
of the bottom side of the nucleus is shown (inset).
(B) Magnified view of a single nuclear pore as
marked in (A).
(C–E) NPCs in X. laevis oocytes. (C) NPCs as seen
by electron microscopy using negative staining.
(D) Dual-color dSTORM images of the NPC
(gp210, magenta; central channel, green) using
Alexa647-labeled antibodies andWGA-ATTO 520.
(E) Image analysis of accumulated NPC dSTORM
data from several hundred ring structures (gp210
and central channel). Scale bars: 2 mm (A), 100 nm
(B), 150 nm (C), and 100 nm (D and E). (C)–(E) are
reproduced from Lo¨schberger et al. (2012) with
permission, ª Journal of Cell Science, 2012.
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Whereas the localization precision of single fluorophores is
determined by the number of collected photons, the achievable
resolution of complex biological structures is determined by the
labeling density. That is, the higher the labeling density, the
better the attainble structural resolution. With a size of 1 nm,
organic fluorophores are smaller than FPs but, unfortunately,
require a chemical-labeling procedure. Frequently, immunofluo-
rescence is used to label cellular structures in fixed cells using
primary and fluorophore-labeled secondary antibodies. This
method profits from a large repertoire of commercially available
labeled secondary antibodies but has severe restrictions consid-
ering the size of immunoglobulin G antibodies of10 nm (Weber
et al., 1978).
For standard fluorescence microscopy insignificant, the size
of the fluorescent probe (e.g., antibody or pair of antibodies)
can distort the size of cellular structures measured by localiza-
tion microscopy. For example, the diameter of microtubules
has often been determined to 40–50 nm using classical immuno-
fluorescence labeling (Bates et al., 2007; Heilemann et al., 2008),
much larger than the actual microtubule diameter of 25 nm
(Weber et al., 1978). That is, the resolution of localization micros-
copy is so high that the size of the fluoresent probe has to be
considered. Concerning the achievable structural resolution,
a rough estimation illustrates the labeling challenge we have to
accept: in accordance with the Nyquist-Shannon sampling
theorem, a fluorophore-labeled antibody with a size of 10 nm
has to be attached directly side-by-side to a structure to ensure
super-resolution imaging with a lateral resolution of 20 nm. Here,
direct labeling of the primary antibody or the use of very small
labeled camelid antibodies (nanobodies) directed against
a green fluorescent protein (GFP) can improve the situation
(Ries et al., 2012). However, FPs are also relatively large, with
a typical size of 2–5 nm and a mass of 27 kDa for most mono-
meric derivatives of GFP (Ormo¨ et al., 1996). In addition,
genetically encoded tags can cause significant perturbations14 Chemistry & Biology 20, January 24, 2013 ª2013 Elsevier Ltd All rto a protein’s structure and have no direct extension to other
classes of biomolecules, including lipids, nucleic acids, glycans,
and secondary metabolites.
The ideal labeling method for super-resolution imaging uses
small, bright, and photostable fluorophores, preferably attached
directly to the molecule of interest. In recent years, an alternative
tool for tagging molecules has emerged involving the incorpora-
tion of unique chemical functionality into a target molecule using
the cell’s own biosynthesis machinery (Prescher and Bertozzi,
2005). This so-called bio-orthogonal click chemistry has led to
anexplosionof interest in selective covalent labelingofmolecules
in cells and living organisms (Kolb et al., 2001; Laughlin et al.,
2008; Prescher and Bertozzi, 2005). The labeling technology is
founded upon a copper-catalyzed azide-alkyne cycloaddition
but can also be used copper-free by employing ring strains as
an alternativemeans for alkyne activation to improve biocompat-
ibility (Agard et al., 2004). The two-step labeling process starts
with the genetic or metabolic incorporation of azide or alkyne
modified nucleotides, nucleosides, amino acids, monosaccha-
rides, or fatty acids by living cells or organisms. Next, the reaction
partner, that is, the complementary alkyne or azide linked to a flu-
orophore is ‘‘clicked’’ into place. The small size of azide and
alkyne tagsallows the functionalizedsubstrates andfluorophores
tobe readily processedbyenzymes, suchas nucelotidepolymer-
ases and aminoacyl tRNA synthetases, and enables likewise
ahigh labelingdensity as thekey requirement for super-resolution
imaging. First successful applications combined 5-Ethynyl-20-
deoxyuridine (EdU) labeling and dSTORM for super-resolution
imaging of DNA (Zessin et al., 2012).
Another problem that still needs to be sorted out to harness
the full potential of localization microscopy is the three-
dimensional (3D) reconstruction of whole cells or organisms.
To minimize background signals, conventional methods localize
individual fluorophores in a thin axial section predefined by the
illumination method using either total internal reflection fluores-
cence (TIRF) microscopy to restrict excitation close to the cover-
slip or a highly inclined and laminated optical sheet (HILO) toights reserved
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Reviewgenerate an axially confined inclined beam for intracellular
imaging (Tokunaga et al., 2008). In combination with defocusing
approaches, such as dual or multi-focal-plane imaging or astig-
matism localization, microscopy achieves an axial resolution of
50–80 nm over an axial range of 1 mm (Huang et al., 2008;
Juette et al., 2008). Therefore, such 3D super-resolution images
visualize always only a section of the cell’s current biomolecule
or flurophore distribution, respectively. In order to map the distri-
bution of labeled biomolecules in whole cells or nuclei, long-term
continuous imaging methods with minimal photodamage, such
as selective plane illumination microscopy (SPIM) (Huisken
et al., 2004) or Bessel beam plane illumination (Planchon et al.,
2011), combined with localization microscopy techniques (Cella
Zanacchi et al., 2011) have to be used. By moving the cell
through the beam or the beam through the cell, respectively,
the sample can be sectioned into axial areas suitable for 3D
localization microscopy and a whole-cell super-resolution image
can finally be reconstructed. Alternatively, confined activation of
axial sections by two-photon laser scanning in combination with
suited photoactivatable fluorophores can be applied to achieve
whole-cell super-resolution imaging (Fo¨lling et al., 2007; York
et al., 2011). Such methods—efficient labeling with small fluoro-
phores and quantitative localization—can truly revolutionize our
current understanding of developmental biology processes, for
example, stem cell differentiation or synaptic plasticity and usher
in a new molecular era by counting the numbers of proteins or
biomolecules present at different cell stages or upon stimulation,
respectively.
However, we should always bear in mind that super-resolution
images are today still difficult to validate because of our lacking
experience. Cellular structures and biomolecule distributions
have never before been observed with single-molecule sensi-
tivity and resolution. All the knowledge, which has been collected
so far about the molecular structure of cells, stems from electron
microscopy images. To resolve all doubt about the significance
of the measured data, we must perform correlative electron
and localization microscopy experiments (Betzig et al., 2006).
Furthermore, unspecific labeling of target proteins as well as
the inappropriate acquisition and analysis of the single-molecule
data stack can introduce artifacts in super-resolution images,
which hamper the interpretation of so far unknown protein distri-
butions. Hence, careful control experiments with biologically
suited reference structures, such as the nuclear pore complex
(Lo¨schberger et al., 2012), have to be used for benchmarking
localization microscopy data.
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